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LieNbeO amorphous films were deposited onto Si substrates by the radio-frequency magnetron sput-
tering method in an Ar environment and an Ar(60%)þO2(40%) gas mixture. A positive effective fixed
oxide charge Qeff having negative, -Qeff, and positive, þQeff, components, exists in the as-grown heter-
ostructures. -Qeff is located near the substrate/film interface, whereas þ Qeff is determined by a deficit of
Li and O (vacancies) in the bulk of LieNbeO films. As-grown films crystallized under thermal annealing
(TA) at temperatures up to 600 C and revealed the formation of polycrystalline LiNbO3. TA at about
520 C resulted in the formation of the second phase LiNb3O8, increasing þ Qeff, and compensating -Qeff
entirely. The dielectric constants of the as-grown films exhibit two peaks at the annealing temperatures
of 450 C and 550 C, which are attributed to the total crystallization and recrystallization of the LN films
under TA, respectively.
© 2020 The Authors. Publishing services by Elsevier B.V. on behalf of Vietnam National University, Hanoi.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).1. Introduction
Ferroelectric oxides in a thin-film form are essential compo-
nents in a variety of applications. They have been used in various
sensor and actuator designs, in optoelectronics and in rf devices for
tunable microwave circuits. Moreover, thin ferroelectric films have
contributed to the prospects for multifunctional optical integrated
circuits. Lithium niobate (LiNbO3, in short LN) is one of the most
promising ferroelectric materials due to its high Curie temperature
(Tc ¼ 1210 C), large bandgap (Eg ¼ 3.7eV) and, favorable piezo-
electric and electro-optical coefficients. Currently, LiNbO3 is the
golden standard for electro-optical material in fiber-optic trans-
mission systems [1]. The integration ability of LN into the existing
technology is especially important in viewof the creation of various
devices such as non-volatile memory units, optical modulators,
microring optical resonators, acoustic delay lines, etc [2]. However,
the practical application requires the formation of LN-based het-
erostructures (like Si-LN) with specific properties. Specifically, thets).
onal University, Hanoi.
y Elsevier B.V. on behalf of Vietnamnon-volatile ferroelectric random access memories are based on
the polarization reversal by an external applied electric field of
metal-ferroelectric-metal capacitors or metal-ferroelectric-
semiconductor heterostructures. Thus, one of the objectives is to
find a ferroelectric material demonstrating little or no degradation
of the switchable ferroelectric polarization [3]. This requirement, as
well as other features like optical loss, depends on both the LN film
properties and the characteristics of the LN film/substrate interface.
Various methods have successfully been used for deposition of LN
films: chemical vapor deposition (CVD) [4], liquid phase epitaxy [5]
and pulsed laser deposition [6]. Radio-frequency magnetron sput-
tering (RFMS) is among the effective processes for growing films of
complex oxides like LN, while preserving the initial elemental
composition [7]. It is generally accepted that the thin film proper-
ties are very sensitive to the depositionmethod. For example, it was
demonstrated that these properties are influenced greatly by the
RFMS conditions [8e10]. Besides, thermal annealing (TA), being an
effective method of improving properties of as-grown poly-
crystalline films, changes their characteristics dramatically
[8,11,12]. An alternative approach to fabricate highly oriented films
is the formation of amorphous films followed by crystallization
through TA.National University, Hanoi. This is an open access article under the CC BY license
Table 1
Fabrication regimes for the studied samples.








Film thickness d, nm Annealing duration
and atmosphere
S1 Ar 1.5  101 100 Si, n-type, r ¼ 4.5 U cm 550 C 3000 e
S2 300 e
S3 100 e
S4 50 unheated 300 60min in air
S5 100
S6 Ar(60%)þO2(40%) 100
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effect transistors (FeFET), require the formation of thin oxide films
with a high dielectric constant (ε ¼ 200e2000), a low current
leakage [13] and a high breakdown voltage (E ¼ 300-103 kV/cm
[14]). These parameters are very sensitive to the composition and
point defects (Li and O) [15], and to the charge localization centers
at the film surface [16]. Besides, the charged defects in LN influence
not only the electrical but also the optical ferroelectric properties
[8,15,17e19]. Specifically, if a depletion layer is connected in series
to a film, the high dielectric constant of the gate materials results in
a depolarization field [20]. Thus, it is very hard to achieve long
retention times of the stored polarization state in scaled-down
FeFET devices. Besides, some researchers, working in the cutting
edge of ferroelectric memory design, revealed that the charges,
existing in a ferroelectric material, depress the polarization
reversal, which is vital for its effective memory application [20]. On
the other hand, other investigators exploited oxygen vacancies to
fabricate memristive systems based on the ferroelectric diodes
employing LN [21]. They reported about IeV characteristics of the
Pt/LN/Pt metal-ferroelectric-metal capacitor, which demonstrates
memristive behavior. Oxygen vacancies, accumulated at the bottom
Pt/LN interface, play a crucial role in this device by “memorizing”
the switched state through electron trapping. Another research
group reported about rectifying filamentary resistive switching
after forming of LN films [22]. This phenomenon is interpreted by a
model that the local filament does not penetrate throughout the
LiNbO3 thin film, resulting in asymmetric contact barriers at the
two interfaces. The reason is that oxygen vacancies with high
concentrations are generated during TA in an Argon environment
for the formation of conductive filaments. Remarkably, the fila-
ments composed by oxygen vacancies do not penetrate throughout
the LiNbO3 film. Authors pointed up that it can be potentially
applicable in high-density memories, requiring uniform perfor-
mance among different cells.
Despite the important role being played by the oxide charge in
ferroelectric memories the origin and distribution of this charge in
LN-based heterostructures during the crystallization of LN films are
not clear yet.
The present work is aimed to investigate how the oxide charge
evolves during the crystallization of amorphous LieNbeO films
deposited onto Si substrates.2. Experimental
The studied samples were fabricated by depositing the
LieNbeO system onto silicon wafers (Si(001), n-type conductivity,
r ¼ 4.5 Ohm$cm) by RFMS of the LiNbO3 targets.1 In this work, we
used the sputtering conditions given in Table 1. Siliconwafers were
cleaned by ion etching in an Ar plasma (2 min) before the RFMS
process.1 The targets were fabricated in the Institute of Chemistry and Technology of Rare
Elements and Mineral Raw Materials of the Russian Academy of Science (Apatity).The structure and composition of the studied films were
investigated by X-ray diffraction method (XRD, ARL X'TRA Thermo
Techno), high-resolution transmission electron microscopy (TEM,
FEI Titan-300), and scanning electron microscopy (SEM, FEI HELIOS
Nanolab). A powder diffractometer (with a Cu Ka source operated
at 40 kV and 35mA) scanned in the parallel beam geometry (optical
scheme: a parabolic mirror e a thin film collimator) in the q-q
regime. The energy-dispersive X-ray microanalysis (EDAM for SEM
and transmission (STEM) electron microscopy) was used to obtain
the concentration profile of elements as a function of depth. The
STEM images were obtained by registering the low- and high-angle
scattered electrons.
The spatial distribution of the surface potential was visualized
using the scanning probe microscope Asylum MFP-3D (Asylum
Research, Oxford Instruments, UK) in the closed-loop two-pass
Kelvin Probe Force Microscopy (KPFM) mode. A 0.5 VAC voltage is
applied to the tip and a distance between tip and surface of
200 nm at the second pass. Commercial AFM probes NSC18 with
titaniumplatinum-conductive coating (MikroMash, Estonia) with
a curvature radius of Rtip ¼ 35 nm, a resonance frequency of
fres ¼ 70 kHz, and a spring constant of k ¼ 3.5 N/m were used. The
measurements were conducted in a dry atmosphere with a relative
humidity of less than 5% provided by a constant flow of nitrogen
through the microscope chamber.
The electrical properties of the studied samples were investi-
gated with the use of high frequency (f ¼ 105 Hz)
capacitanceevoltage (CeV) characteristics and currentevoltage
(IeV) characteristics at a temperature of Т ¼ 300К. The top con-
tacts (S ¼ 8$107 m2) for electrical measurements were created by
thermal evaporation and condensation of Al in vacuum. The bottom
contacts were created by spreading the In/Ga eutectic alloy on the
Si substrate ensuring the formation of Ohmic contacts.
3. Results and discussion
Fig. 1 shows the structure and composition of both as-grown
LieNbeO films and the films after TA deposited onto Si substrates
under regimes, corresponding to the sample S4 from Table 1.
As follows from Fig. 1(aec), thin LieNbeO films are morpho-
logically non-homogeneous and have an amorphous structure. The
inhomogeneities consist of anisotropic aggregates which are com-
parable in size with the film (the lateral dimension ranges from 15
to 50 nm, the vertical dimension is 250 nm). The analysis of STEM
images suggests that the aggregate boundaries have a higher
amount of light elements (oxygen and lithium) compared to the
bulk.
The EDAM results reveal the gradient in elemental composition
(see Fig. 1(geh)). The Nb/O ratio changes from 0.33 at the film/
substrate interface to 0.5 at the film surface. The periodic change in
the concentration of elements corresponds to the separate film
layers with a thickness of 15 nm, which correlates with the amor-
phous aggregates dimension.
The annealed films demonstrate a crystalline structure with a
morphological inhomogeneity (the dispersed crystallites 50 nm in
Fig. 1. The structure and composition of both as-grown LieNbeO films and the films after TA deposited under regimes, corresponding to sample S4 from Table 1. aef: the SEM
images of a surface (a, d) and the cross-sectional bright- (b, e) and dark-field (c, f) TEM images of both as-grown LieNbeO films (a,b,c) and after TA (d,e,f). gej: the cross-sectional
dark-field TEM image and distribution of elements in as-grown LieNbeO films (g,h) and after TA (i,j).
Fig. 2. Typical normalized CeV characteristics of the studied heterostructures.
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Fig. 1 (e) and (f)), the elemental composition in the adjacent crys-
tallites differs greatly. The Nb/O ratio changes from 0.6 at the Si/LN
interface to 0.8 at the LN film surface (see Fig. 1(iej)).
As reported in our previous works [10,23], the thermal
annealing reduces the positive effective charge Qeff, which existed
in as-grown Si-LN heterostructures with the polycrystalline LN
films. Moreover, at annealing the Si-LN heterostructures fabricated
by the RFMS method in an Ar þ O2 environment Qeff changed its
sign from positive to negative [23]. Currently, it is unclear whether
Qeff is located: in the bulk of the LN films or at the Si/LN interface. In
our previous works, we studied “thick” LN film-based hetero-
structures and Qeff was always found to be positive [10,24]. Besides,
we reported that TA at a temperature of 650 C reduces Qeff.
Moreover, Si-LN heterostructures fabricated by RFMS technique in
an Arþ O2 gas mixture and annealed at a temperature of 650 C for
1 h manifested the negative Qeff [23,24]. In this work, we studied
the evolution of Qeff in as-grown heterostructures annealed at
various temperatures.
The typical CeV characteristics of Si-LN heterostructures grown
in an Ar environment with LN layers of different thicknesses were
analogous to those for the metal-oxide-semiconductor (MOS)
structures (see Fig. 2) [25].All curves shown in Fig. 2 are shifted along the horizontal axis
relative to the corresponding theoretical CeV characteristics. Ac-
cording to the standard theory of MOS heterostructures [25], it is
due to the effective oxide charge Qeff, existing in the studied
Fig. 4. Normalized CeV characteristics of as-grown heterostructures annealed at
Ta ¼ 400 C. Ci is the geometry capacitance of an LN layer.
Fig. 5. The effective oxide charge as a function of the annealing temperature for the
studied heterostructures.
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studied Si-LN heterostructures.
As seen from Fig. 3, the effective oxide charge is negative for the
“thin” (d < 200 nm) LN films and positive for the “thick”
(d > 200 nm) films and increases with thickness. According to
literature data, the LN film thickness affects its electrical properties
greatly. Specifically, authors of reference [26] reported that “thick”
polycrystalline LN films with a small grain size demonstrate a high
concentration of oxygen defects and defect dipole complexes,
located near the grain boundaries. These defects, being positively
charged, give rise to þ Qeff for the thick LN films in our case. Fig. 4
demonstrates typical CeV characteristics of the studied samples.
Fig. 5 shows the effective oxide charge Qeff as a function of
annealing temperature Ta for the studied samples, derived from
their CeV characteristics at different Ta.
Additionally, for confirming the correct interpretation of Qeff
derived from CeV measurements we conducted KPFM measure-
ments for sample S5. The obtained results are given in Fig. 6. The
KPFM measurements of the investigated sample demonstrate a
nearly uniform surface potential of about 900 mV with a local
decrease of up to 850 mV which can be associated with the in-
clusions of a secondary phase. Besides, the KPFM scanning was
carried out at various distances h from the sample.
The average surface potential as a function of a tip-surface dis-
tance obtained by the KPFM technique for the as-grown sample S5
is shown in Fig. 7.
Taking into account the linear dependence of Vsurf(h) (see Fig. 7)
and assuming an uniform charge distribution at the sample surface,
we estimated the Qeff value through the following expression for






here ε0 is dielectric permittivity of free space. The obtained values
for various TA are represented by the S5 (KPFM) curve in Fig. 5 and
correlate with those derived from CeV characteristics (see Fig. 3).
It follows from Fig. 5 that the as-grown heterostructures
(fabricated in an Ar environment) with the “thin” amorphous
LieNbeO films contain a negative Qeff (samples S5 and S6),
whereas the “thick” film-based samples demonstrate a positive
effective charge. This result agrees with data for the polycrystalline
films (see Fig. 3). Further TA changes the Qeff values. It is worth
noting that the value of Qeff varies oppositely for heterostructures
with the “thick” and “thin” films: when the value of |þQeff|Fig. 3. The effective oxide charge as a function of the film thickness in Si-LN
heterostructures.increases, the value of |-Qeff| decreases, and vice versa (see samples
S4 and S5 in Fig. 5). This can be explained by assuming that the
effective charge has two components: the negative charge (-Qeff,
located near the Si/LN interface or at the film surface) and the
positive charge (þQeff, distributed in the bulk of LN films). Analysis
of variousmodels reveals that the charged antisite defects likeNb4þLi
or oxygen vacancies are the most plausible origins of the positive
oxide charge [18].
Li and O vacancies can be created in the deposited LiNbO3 thin
film due to its volatile nature and out-diffusion from the film ac-
cording to the following possible reactions [25]:
LiNbO3/Li2O þ 2 VLi þ VOþ2
LiNbO3/3 Li2O þ 4 VLi þ Nb4þLi
(2)
On the other hand, according to the model proposed in [18], the
structural defects can be redistributed as follows:
3OO þ 2 VLi þ NbNb4
3
2
O2 þ Nb4þLi þ 6e (3)
Therefore, the formation of the antisite defects Nb4þLi , as well as
the oxygen vacancies (VOþ2 ) distributed in the bulk of a film, are
likely to be the origin of the positive charge in the as-grown
LieNbeO films.
Fig. 6. The surface topography (a) and surface potential (b) of sample S5 obtained by the KPFM method.
Fig. 7. Average surface potential as a function of a distance from the scanned surface
for sample S5.
M. Sumets et al. / Journal of Science: Advanced Materials and Devices 5 (2020) 256e262260If oxygen is present in the reactive chamber, it fills the existing
oxygen vacancies, and the positive charge declines. Another
explanation can be based on the formation of the VLi  1 =2O2
complex with the formation of a negative charge, compensating
partially the positive one. The following reaction describes the
possible charge transfer, occurring in case oxygen resides in the










Consequently, in LieNbeO films grown in an Ar þ O2 gas
mixture, the positive charge has to be lower which agrees with our
results presented in Fig. 5.
It was established [26] that for films annealed in an oxygen at-
mosphere, the concentration of lithium decreases, slightly affecting
the decrease of lithium and oxygen vacancies and resulting in the
positive charge in our case. Based on these models, oxygen
diffusing in a film during TA decreases the concentration of va-
cancies and consequently, the þQeff value. Apparently, in hetero-
structures with “thin” LN films -Qeff dominates which is associated
with structural defects near the Si/LN interface. By contrast, in the
“thick” LN films þ Qeff can be attributed to oxygen vacancies or
NbLi4þ defects and it prevails over the interface-based negative
charge. As it was mentioned above, amorphous films deposited
onto Si substrates, are crystallized in LN with a significant oxygen
deficit under TA. This fact is supported by our results on the
elemental composition (see Fig. 1(iej)). Thermal annealing in air
decreases the oxygen deficit in the bulk thick LieNbeO films
greatly, whereas the change in the interface-based charge does not
contribute to the net charge evolution. A negative component of theeffective charge in the “thin” films-based heterostructures is higher
than the positive one and the change in þQeff is detected as an
opposite variation in -Qeff (which is the net charge). As follows from
our recent work, TA results in the crystallization of amorphous
LieNbeO films with the formation of polycrystalline LN films at the
temperature of 470 C [27]. This temperature nearly corresponds to
the minimum net charge in Si-LN heterostructures (see Fig. 8 for
samples S4 and S5).
TA does not change the oxygen content considerably in the
crystallized thick LN films. Thus, the change in Qeff after TA of as-
grown films at temperatures over 470 C can be explained by
redistribution of oxygen atoms, out from bulk to grain boundaries.
The redistribution degree is determined by the change in specific
concentration of grain boundaries, formed in the film's crystalli-
zation process. The results, reported in work [28], support this
mechanism. The authors of this work studied the TA effect on the
composition and structure of the topmost layers of LiNbO3 single
crystals through co-axial impact collision ion scattering spectros-
copy and X-ray photoelectron spectroscopy. They revealed that due
to the desorption of Li2O, the topmost layers of the crystal at the
temperature of 400С demonstrate a deficit of Li and O (with the
formation of corresponding vacancies) which agrees with our re-
sults (see Fig. 1(iej)). However, due to the out-off diffusion of Li and
O from the bulk LN, the further annealing at higher temperatures
up to 600С led to decelerate the loss of these elements. This
process is reflected by the increase inþQeff in Fig. 5 at temperatures
of TA > 550 C. Most prominently, this effect is observed for het-
erostructures, fabricated in an Ar þ O2 reactive gas mixture. In this
case, the presence of O2 in a reactive chamber minimizes the oxy-
gen deficit (positive effective charge) in amorphous as-grown
LieNbeO films. Thus, -Qeff (located near the Si/LN interface) in
thin films is not compensated byþ Qeff and it contributes to the net
charge shown in Fig. 5 for sample S6.
TA at temperatures higher than 520 C leads to the formation of
the LiNb3O8 phase with a lithium deficit [27], promoting the for-
mation of Nb4þLi defects according to equations (2) and (3). In that
case, the positive effective charge rises sharply in LN films (see
Fig. 5), compensating the eQeff entirely. This phenomenon can be
used for the fabrication of Si-LN heterostructures free from the
effective oxide charge with a potential application in non-volatile
memory units. Specifically, the charged domain walls which play
a key role in the domainwall memories can draw ionic defects such
as oxygen vacancies. This process interferes negatively with the
clean and, fluent erasure and regeneration of the domainwalls [13].
Based on its definition, the effective charge is the sum of the
oxide charge Qox and the interface charge Qss, associated with the
interface states density Nss. This Nss is defined through the density
of interface states per unit energy Dss (which can be extracted from
the standard CeV analysis [29]) as follows:
Fig. 8. The oxide charge (a) and its centroid position (b) in the studied SieLiNbO3eAl heterostructures as a function of the annealing temperature.
Fig. 9. The dielectric constant as a function of the annealing temperature for the
studied samples.
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ð
DssðEÞ,f ðEÞ dE (5)
here f(E) is the Fermi function.
We calculated the oxide charge as Qox ¼ Qeff e Qss. The oxide









here DVFB is the shift in the flat band voltage between the experi-
mental and theoretical CeV curves, d is the film thickness.
The oxide charge Qox and its centroid position as a function of
the annealing temperature are shown in Fig. 8.
As seen from Fig. 8, as-grown amorphous LieNbeO films
contain the positive Qox with the centroid (the center of mass)
located at the center of a film, regardless of the reactive gas envi-
ronment. In the samples fabricated in an Ar atmosphere, this charge
varies similarly to Qeff (see Fig. 5) during the thermal annealing. The
charge centroid fluctuates around the center of the film in the
“thick” films (sample S4) or approaches the film surface in the
“thin” LiNbO3 films (sample S5). As regards the films deposited in
an Ar þ O2 gas mixture, Qox becomes negative and is located near
the film/substrate interface (see sample S6 in Fig. 8). This fact
supports our guesswork that the negative component of Qeff is
located at the Si/LiNbO3 interface.
Fig. 9 demonstrates the dielectric constant ε of the studied
heterostructures annealed at various temperatures. As seen from
Fig. 9, the ε values of the samples S5 and S6 exhibits two relatively
broad peaks at temperatures of about 450 C and 550 C.
Similar peaks at 430 C and 550 C have been reported by other
researchers [31,32] for the amorphous LN films. They confirmed, by
XRD analyses and dielectric relaxation study, that the peak at
550 C corresponds to the re-crystallization of the film, whereas the
peak at 430 C is attributed to the Debye-like relaxation. On the
other hand, the bottom of ε between the two peaks observed at
500 C in Fig. 9, was also reported in [31]. This feature corresponds
to the total crystallization of LN films. It has been revealed in our
recent work at a temperature of 470 C. This result agrees with the
one given in [31], where it was concluded that a decrease in the
value of εwas attributed to the change in the microscopic structure
of the films at 490 C. The values for dielectric constant for single
crystal LN are 31 along the a-axis and 78 along the c-axis at 25 C
and 100 kHz [33]. The closest ε to that value for single crystal LN is
observed for sample S5. As reported in [34], the dielectric constant
of polycrystalline LN films depends greatly on the grain size. For thefilms with smaller grains, the ε is lower than that for LN films with
larger grains.4. Conclusion
The amorphous LieNbeO films were deposited onto Si sub-
strates by the RFMS process in an Ar reactive gas environment and
an Ar þ O2 gas mixture. All as-grown films manifested the net
effective oxide charge having two components: a negative -Qeff,
dominating in the “thin” (d < 200 nm) LieNbeO films, and a
positive þ Qeff, prevailing in the “thick” (d > 200 nm) films. -Qeff is
attributed to structural defects near the substrate/film interface,
whereas þ Qeff is determined by a deficit of Li and O (vacancies) in
the bulk of LieNbeO films. Thermal annealing of as-grown films
leads to changes in the vacancies concentration due to the Li2O
desorption, resulting in the change of þQeff. At the temperature of
470 C, the as-grown LieNbeO films are crystallized with the for-
mation of Si-LN heterostructures having a minimal net oxide
charge. Heterostructures, grown in an Ar(60%)þO2(40%) reactive
gas mixture, manifested a lower þ Qeff compared to those fabri-
cated in pure Ar. TA at about 520 C resulted in the formation of the
second phase LiNb3O8, increasing þ Qeff, and compensating -Qeff
entirely. This process can potentially be used for the fabrication of
thin-film Si-LN heterostructures free from the effective oxide
charge, which is vital for their practical applications. The dielectric
constant of the as-grown films varies non-monotonically during TA
and exhibits two peaks at the annealing temperatures of 450 C and
550 C. These peaks are attributed to the total crystallization and
recrystallization of LN films respectively under TA.
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